The flagellar hook of Salmonella is a filamentous polymer made up of subunits of the protein FlgE. Hook assembly is terminated when the length reaches about 55 nm. After our recent study of the effect of cellular levels of the hook length control protein FliK, we have now analyzed the effect of cellular levels of FlgE itself. When FlgE was overproduced in a wild-type strain, a fliC (flagellin) mutant, or a fliD (hook-associated protein 2 [HAP2], filament capping protein) mutant, the hooks remained at the wild-type length. In a fliK (hook length control protein) mutant, which produces long hooks (polyhooks), the overproduction of FlgE resulted in extraordinarily long hooks (superpolyhooks). In a flgK (HAP1, first hook-filament junction protein) mutant or a flgL (HAP3, second hook-filament junction protein) mutant, the overproduction of FlgE also resulted in longer than normal hooks. Thus, at elevated hook protein levels not only FliK but also FlgK and FlgL are necessary for the proper termination of hook elongation. When FlgE was severely underproduced, basal bodies without hooks were often observed. However, those hooks that were seen were of wild-type length, demonstrating that FlgE underproduction decreases the probability of the initiation of hook assembly but not the extent of hook elongation.
In the pathway of flagellar morphogenesis in Salmonella and Escherichia coli, the hook protein FlgE is assembled after completion of the basal body structure (13) . The subunits are exported from the cytoplasm through a central channel in the basal body and assemble at the distal end of the growing hook. Hook assembly is terminated when the hook length reaches about 55 nm (1) , and flagellar filament assembly follows.
Several proteins are known to be necessary for hook assembly and termination. FlgD is the hook capping protein (21) , located at the tip of the hook during hook elongation. flgD mutants cannot assemble hook subunits, although they can still export them. After the completion of hook assembly, FlgD is displaced from the hook and another protein, FlgK, is assembled at the hook tip. FlgK is one of the hook-filament junction proteins (hook-associated proteins [HAPs] ) (4) . flgK mutants retain the FlgD cap and cannot assemble the filament (21) . The hook length distribution in flgK mutants is similar to that in the wild-type strain (1) .
FliK is a soluble protein that is involved in hook length control (7, 22, 25) but has not been found in the flagellar structure. Mutations in fliK result in (i) an abnormal elongation of the hook (the length now ranging from 40 to 900 nm) and (ii) a failure to assemble filament (polyhook phenotype) (1) . fliK mutations can be partially suppressed by mutations in flhB (11, 27) , which encodes a membrane protein component of the apparatus for exporting external flagellar proteins like hook protein and flagellin (16, 17) . fliK-flhB double mutants restore filament assembly, although they are still defective in hook length control (polyhook-filament phenotype).
In a recent study, Koroyasu et al. measured the hook length distribution in fliK mutants (8) . They found that, even though the polyhook distribution extended far further out than the wild-type distribution, the peak length was still about 55 nm, i.e., the same as the wild-type hook length. This result suggests that hook elongation in fliK mutants has two different stages-a fast initial elongation stage until a length of 55 nm is achieved and a slow elongation stage thereafter. This result suggests that the mechanism of hook length control must have a FliK-independent component.
We recently demonstrated that the termination of hook assembly correlated with the cellular level of FliK (18). The wild-type level was quite low, about 20 to 80 molecules per cell. When the level was decreased, the number of filaments decreased and the length of the hooks increased. When the level was increased, the hook length was only slightly shorter than the wild-type value. We proposed a model of hook length control in which FliK changed the specificity of the export process by interacting with the export apparatus when the latter received a signal of hook length completion. In this model, the export of hook proteins and their diffusion within the central channel of the hook were assumed to affect the state of the export apparatus.
We have now overexpressed and underexpressed the flgE gene in wild-type cells and various flagellar mutants and examined the effects on the hook length control process.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The Salmonella flagellar mutants and plasmids used in this study are listed in Table 1 . All mutants are derivatives of SJW1103, the wild type for flagellation (29) . E. coli XL1-Blue (Stratagene) and Salmonella strain JR501 (r Ϫ m ϩ ) (23) were used as recipients in cloning experiments. Luria medium (LM) contained 1% Bacto Tryptone (Difco), 0.5% yeast extract, and 0.5% NaCl. Soft tryptone motility plates contained 1.0% Bacto Tryptone, 0.7% NaCl, and 0.35% Bacto Agar. Ampicillin (50-g/ml final concentration) was added to the medium as needed.
Cloning of the wild-type and mutant alleles of flgE. The cloning of flgE alleles was carried out as described for fliK (18) . Chromosomal DNA (28) isolated from Salmonella strain SJW1103 was used as the template for PCR. Synthetic outside primer A for PCR contained a sequence upstream of the putative ribosome binding site for flgE and a BamHI restriction site. Outside primer B contained a complementary sequence downstream of flgE and a HindIII site.
Site-directed mutagenesis of flgE. Site-directed mutagenesis on flgE was carried out by mutagenic PCR as described previously (18) with minor modifications. Pfu DNA polymerase (Stratagene) was used for the first round of PCR. The mutation sites were confirmed by DNA sequencing (Sequenase; U.S. Biochemicals).
Observation of swarming, free-swimming motility, and flagellar morphology. For swarm assays, cells were grown overnight at 37°C on LM-1.5% agar plates containing ampicillin, and then single colonies were spotted onto a soft tryptone plate containing ampicillin and incubated at 30°C for the time indicated.
For the observation of free swimming, cells were grown overnight with shaking in LM plus ampicillin at 37°C. They were then diluted 50-fold into LM plus ampicillin, grown with shaking at 37°C till late log phase, and observed by dark-field microscopy.
Flagellar morphology was observed by electron microscopy as described previously (1) .
SDS-PAGE and immunoblotting. Cells were cultured under the same conditions as for free swimming and flagellar morphology observations. Cells were collected by centrifugation and suspended in a sample buffer (50 mM Tris-HCl [pH 8.0], 0.4% NaCl, 0.9% sodium dodecyl sulfate [SDS], 6% glycerol, 0.005% bromophenol blue, and 8% 2-mercaptoethanol) at a concentration of 8 ϫ 10 9 cells/ml. A suspension of 10 8 cells was boiled and subjected to SDS-12.5% polyacrylamide gel electrophoresis (PAGE). Immunoblotting was carried out as described previously (18) with a polyclonal rabbit anti-FlgE antibody.
RESULTS

Overproduction of hook protein.
For the overproduction of hook protein, we used the wild-type flgE gene inserted downstream of the trc promoter of plasmid pTrc99A. The resulting plasmid (pKM1500) was used to transform the flgE mutant SJW1353, resulting in the restoration of swarming to close to wild-type levels (Fig. 1) . Even in the absence of the inducer IPTG (isopropyl-␤-D-thiogalactopyranoside), the cellular level of FlgE was much higher (approximately 20-fold) than the wild-type chromosomal level (Fig. 2) . Unless otherwise stated, overproduction results refer to such noninducing conditions. Flagellar morphologies in cells overproducing hook protein. Mutants defective in several flagellar genes retain the ability to assemble hooks. We examined flagellar morphologies of wildtype and mutant strains under conditions of FlgE overproduction. Electron micrographs illustrating these morphologies are given in Fig. 3 , and the results are summarized in Table 2 .
(i) Wild-type strain. If the cellular amount of hook protein was to contribute to hook length control, overproduction in wild-type cells might cause longer hooks. However, such cells had ordinary flagella (i.e., normal hooks and filaments) (Fig.  3a) , with a normal hook length of around 55 nm.
(ii) Mutants defective in flagellin and HAP synthesis. The second hook-filament junction protein (HAP3, FlgL), the filament capping protein (HAP2, FliD), and flagellin (FliC) all assemble after hook assembly is complete and the hook capping protein FlgD has been displaced by the first hook-filament junction protein (HAP1, FlgK). Therefore, when hook protein was overproduced in fliC, fliD, and flgL mutants, we expected to see essentially the same hook phenotype as with the wildtype strain. The fliC and fliD mutants did in fact produce normal hooks (lacking, of course, filaments) (Fig. 3b) .
flgL mutants, although they mostly produced normal hooks, also produced some longer hooks (Fig. 3c ). This resulted in a length distribution ranging up to 230 nm with a mean of 73 Ϯ 32 nm (Fig. 4 , left panel), significantly longer and broader than the wild type. Thus, FlgL, even though it is not physically adjacent to the hook, appears to exert some effect on hook assembly. The peak value in the distribution was still essentially that of the wild type, i.e., around 55 nm.
FlgK is assembled after completion of the hook but before the addition of FlgL, FliD, and flagellin. Since the hook in flgK mutants retains FlgD at its tip (21) , it might continue to be assembled at elevated hook protein levels. Consistent with this suggestion, we found that flgK produced not only normal hooks (Fig. 3b ) but also polyhooks (Fig. 3d) . The hook length distribution had a mean value of 141 Ϯ 221 nm (Fig. 4, right panel) , significantly longer and broader than the distribution with the flgL mutant. There were some exceedingly long particles, up to 1,700 nm (Fig. 3e) . Again, however, the peak value was similar to that for wild-type cells.
(iii) fliK (polyhook) mutant. Even at normal hook protein levels, fliK mutations result in abnormally long hooks (polyhooks) (1, 7, 22, 25) , and so FliK is believed to function in the termination of hook assembly at the appropriate point. Since the polyhook structure retains FlgD at its tip (21), the overproduction of hook protein might result in even greater hook elongation. fliK cells did indeed produce extremely long polyhooks (superpolyhooks; Fig. 3e) , with a length distribution ranging to well over 1,000 nm. Again, however, the peak of the distribution remained at 55 nm.
Extragenic suppressor mutations of fliK mutations have been found to be located exclusively in flhB (11, 27) . These pseudorevertants still produce an elongated hook but have filament FIG. 3 . Electron micrographs of hook-filament structures seen in cells overproducing the hook protein from the pTrc99A-based plasmid pKM1500. Types of structures and the specific strain or plasmid used in this figure to illustrate each type of structure are as follows (a summary of the structures seen with these and other strains is shown in Table 2 assembly restored (polyhook-filament phenotype) (1). fliK-flhB cells overproducing hook protein produced polyhook-filaments whose polyhooks, though somewhat longer than those in untransformed cells, did not approach the length of those in the single fliK mutant (data not shown).
(iv) L ring and P ring mutants. The products of the flgH and flgI genes are the structural components of the outer membrane L ring and the periplasmic P ring, respectively (3, 24) ; flgA is also (for unknown reasons) needed for P ring assembly (9) . Although the L and P rings are normally formed before the completion of hook assembly, flgH, flgI, and flgA mutants do produce a very short hook structure at the tip of the rod (9, 26) and were shown under special conditions (transformation of an E. coli flgE mutant with a plasmid carrying the Salmonella flgE gene) to produce complete hooks to which a filament can attach (6, 20) .
Our results are in general agreement with those of Ohnishi et al. (20) and Jones et al. (6) . In swarming assays, flgH, flgI, and flgA mutants formed small colonies with tiny satellite colonies (data not shown). The overproduction of hook protein improved swarming somewhat, suggesting that the efficiency of hook assembly had been increased. For flgH cells, basal bodies lacking the L ring but with a normal hook attached were the major product; basal bodies lacking the L ring but with a polyhook-filament attached were a minor product (data not shown). Thus, there appears to be an inverse relationship between the control of hook length and the ability to add filament. flgI and flgA cells gave similar results, except that in these cases both the L and P rings were missing from the basal bodies.
Underproduction of hook protein. In a previous study with the hook length protein FliK (18), we had successfully underproduced it by the replacement of a natural UGG (Trp) codon by a UGA (opal) codon, taking advantage of the low but significant frequency of UGA readthrough by wild-type tRNA Trp . We have adopted the same strategy with flgE, replacing its natural Trp208 UGG codon by UGA. The flgEW208opal gene was cloned into three vectors, pTrc99A (to give pKM1501), pET22b (pKM1508), and pBR322 (pKM1505). These vectors result in progressively decreasing expression levels, as was confirmed by immunoblotting estimates based on plasmids carrying the wild-type gene (data not shown). The underproduced FlgE levels resulting from the use of the flgEW208opal mutation were at or below the limit of detection by immunoblotting; however, we assume the same progression applies here also, an assumption that is supported by the motility and morphology phenotypes that are described next.
Motility under conditions of hook protein underproduction. pKM1501 restored weak swarming to SJW1353 cells (Fig. 5,  row 3) . In a liquid medium, a small fraction of cells were motile, and the motility was greatly improved in the presence of IPTG. Neither pKM1508 (Fig. 5, row 4 pTrc99A) produced mostly normal hook filaments (Fig. 3a) as well as some normal hooks lacking filaments (Fig. 3b) . Transformation with pKM1508 (flgE-W208opal on pET22b) resulted mostly in normal hooks lacking filaments (Fig. 3b) as well as some basal bodies lacking both hooks and filaments. With pKM1505 (flgE-W208opal on pBR322), cells produced only basal bodies lacking both hooks and filaments, the same phenotype observed with the untransformed SJW1353(flgE) mutant. It is noteworthy that abnormally short hooks were very seldom seen with any of these plasmids; where they were seen, they may have simply represented particles caught during the process of hook assembly. We did not imagine that in wild-type cells the control of hook length would be highly sensitive to hook protein concentration; if it were, control could easily fail under different conditions of metabolism or gene expression. Nonetheless, we found it remarkable how robust the control process was (Table  2) . Overproduction by a factor of 20 had no apparent effect on either hook assembly or hook length control. Moderate underproduction (flgE-W208opal expressed from pTrc99A) also did not affect hook assembly or hook length control, though it did decrease somewhat the probability of filament initiation. As underproduction was made more severe (flgE-W208opal expressed from pET22b), there was a decrease in the number of hooks seen, but for those that were seen, the control of hook length was normal; the initiation of filament assembly, however, was essentially abolished. Under the most severe underproduction conditions tested (flgE-W208opal expressed from pBR322), the system appeared to be totally starved for its substrate, since essentially the only particles seen were simple basal bodies.
DISCUSSION
Hook protein concentration affects hook length in certain mutant classes. With mutants defective in the synthesis of either the filament protein (FliC) or the capping protein (FliD) that is needed for filament assembly, hook length control was again unaffected by hook protein overproduction. Thus, the events surrounding filament assembly appear to be effectively isolated from those surrounding hook assembly, and so fliC and fliD mutants behave like wild-type cells with regard to the latter process.
When hook protein was overproduced, abnormally long hooks (polyhooks), in some cases with filaments attached (polyhook-filaments), were observed in flgK, flgL, fliK, fliKflhB, flgH, flgI, and flgA mutants.
By far the longest hook structures were seen in the fliK mutant (and also, less frequently, in the flgK mutant), leading us to create the term superpolyhook for these extraordinary structures (Fig. 3e) . The contrast between the tight control of hook length in wild-type cells (Fig. 3a) or cells defective in filament assembly (Fig. 3b) and this total loss of length control-in both cases in the face of overproduction of hook protein-was striking.
The situation with the fliK mutant seems fairly easy to understand. Spontaneous fliK polyhook mutants (including the one used in this study) have all proved to be nulls resulting from frameshift or nonsense mutations (27) ; the total lack of FliK results in a complete failure of the export apparatus to undergo its substrate specificity switch. The family of filamenttype proteins (FlgK, FlgL, FliD, and FliC-and also the regulatory protein FlgM [5, 10] ) never gets exported, the hook cap stays in place, and elongation continues indefinitely. Increased hook protein therefore would be expected to increase mean hook length, as is illustrated dramatically in Fig. 3e . The failure to see these extremely long hook structures with fliK-flhB pseudorevertants presumably reflects the fact that filament initiation intervenes and halts the elongation process.
Our data indicate that under conditions of FlgE overproduction not only FliK but also FlgK and FlgL are necessary to ensure the termination of hook assembly at the proper length. The effect was especially pronounced with flgK mutants where some particles were long enough to justify the term superpolyhooks that we originally coined for fliK mutants. FlgD, the hook capping protein, is still located at the tip of the hook in flgK mutants (21) , in principle permitting the addition of hook subunits. Apparently the high hook protein levels defeat the FliK control mechanism and allow such addition to take place. The fact that hook assembly in the flgL mutant did not terminate at the wild-type length is less easily explained. Although FlgK can replace FlgD in the absence of FlgL (4, 21), we suggest that the assembly and stability of the FlgK zone and hence its ability to efficiently and completely displace the FlgD hook cap must be to some degree dependent on FlgL.
To summarize the above discussion, we propose that the roles of FliK, FlgK, and FlgL are as follows. The flgH and the flgI and flgA mutants produced polyhookfilaments lacking the L ring and the L and P rings, respectively, when the hook protein was overproduced. While the loss of the rings is expected, we are not sure of the cause of the increase in hook length. Gene expression could be a factor. The lack of the outer ring structures can affect the export of flagellar proteins (17) , and the failure to export FlgM at the appropriate time could result in an abnormally low expression of FlgK and FlgL, with a consequent delay in terminating hook assembly.
Peak hook length is maintained even when hook length control has failed. In a previous study, Koroyasu et al. found that although fliK mutants produced polyhooks, the peak of the hook length distribution did not change from the wild-type value of 55 nm (8) . They proposed that hook elongation has two phases, the rate in the first phase decreasing with increasing hook length up to 55 nm and the rate in the second phase being constant at a much lower value. Since these were null mutants (27) , it appeared that the peak hook length was determined independently of FliK function.
We have now extended this observation to conditions of hook protein overproduction, not only with fliK mutants but also with mutants defective in the hook-associated proteins FlgK and FlgL (Fig. 4) . Thus, under a number of different conditions, length per se appears to play a role that is independent of the amount of substrate or switching of export specificity.
Underproduction of hook protein affects the probability of filament initiation. Although the underproduction of hook protein did not interfere with the length control process, it did decrease the probability of hook assembly; thus, the initiation of hook assembly appears to be the factor most directly affected. Hook protein underproduction also decreased the probability of filament assembly onto those hooks that were produced. This may well be a consequence of underexpression of the filament-type genes, including those for the HAPs, since a cell with a low-level complement of hooks will have a lowlevel capacity for export (and hence inactivation) of the antisigma factor FlgM.
Export switching model for hook and filament assembly. In previous studies, an export switching model was proposed for hook assembly termination and filament assembly initiation (11, 18, 27) . In this model, FliK changes the substrate specificity of the export apparatus from hook to flagellin (and other proteins like the HAPs) after the hook has reached its mature length. In the wild-type cell, displacement of the FlgD cap by FlgK is not necessary for hook growth to stop, supporting the assumption that the export of hook subunits has been stopped by export switching; direct measurements of the export of hook-type and filament-type proteins in flgD and fliC mutants further support this assumption (15) . However, it may be that the hook subunits can to some limited degree (or for some limited time) be exported after the initiation of the HAP and flagellin export, since flgK and flgL mutants are still able to export and assemble the hook proteins after the hook length has reached its normal value of 55 nm; this is especially noteworthy with the flgL mutant, where one might have expected FlgK to terminate hook assembly. flgK and flgL mutants have undergone the specificity switch, since they can make flagellin and excrete it into the culture medium (2, 12) . If the HAPs and flagellin are to any degree exported with the hook protein, they might compete with each other at the export or assembly stage and decrease the rate of hook elongation.
In a previous study, we proposed a mechanism of hook length control in which hook subunit diffusion through the central channel of the hook-basal body abruptly changed at the point of mature hook length (18) . We assumed that the abrupt shift of diffusion rate caused a change in the status of the export apparatus and caused FliK-mediated export switching to occur. Based on the results of the present study, we have to reconsider this model. Hook overproduction increased polyhook length in the fliK mutant, and so the diffusion rate after the mature hook length has been reached is apparently increased under these conditions.
A surprising recent finding is that FliK, although not a component of the assembled flagellum, is exported via the flagellum-specific export apparatus during the process of hook assembly (14) . Thus for the first time, the possibility arises that FliK is exercising control in situ, rather than remotely from the cytoplasm as has been believed until now.
